Stressful events are associated with increased risk of mood disorders. Volumetric reductions have been reported in brain areas critical for the stress response, such as medial prefrontal cortex (mPFC), and dendritic remodeling has been proposed as an underlying factor. Here, we investigated the time-dependent effects of acute stress on dendritic remodeling within the prelimbic (PL) region of the PFC, and whether treatment with the antidepressant desipramine (DMI) may interfere. Rodents were subjected to foot-shock stress: dendritic length and spine density were analyzed 1 day, 7 days, and 14 days after stress. Acute stress produced increased spine density and decreased cofilin phosphorylation at 1 day, paralleled with dendritic retraction. An overall shift in spine population was observed at 1 day, resulting in a stress-induced increase in small spines. Significant atrophy of apical dendrites was observed at 1 day, which was prevented by chronic DMI, and at 14 days after stress exposure. Chronic DMI resulted in dendritic elaboration at 7 days but did not prevent the effects of FS-stress. Collectively, these data demonstrate that 1) acute stressors may induce rapid and sustained changes of PL neurons; and 2) chronic DMI may protect neurons from rapid stress-induced synaptic changes.
Introduction
Stressful events are known to increase the risk of developing mood and anxiety disorders (Sinha 2008; Wang et al. 2008; Carr et al. 2013) . In particular, dysregulation of cortico-limbic circuits mediating the processing of the neuroendocrine and autonomic response to stress appears to play a critical role in the pathophysiology of neuropsychiatric disorders (Price and Drevets 2010; McEwen and Morrison 2013) . A number of brain imaging studies have reported decreased volume of hippocampus (HPC) and prefrontal cortex (PFC) among patients suffering from depression and other neuropsychiatric pathological conditions (Videbeck and Ravnkilde 2004; Koolschijn et al. 2009; Lewis 2009; Ansell et al. 2011) . Preclinical studies have shown that chronic stress and glucocorticoids (GCs) negatively impact on pyramidal neuron trees by producing dendritic shrinkage and spine reduction in both HPC (Watanabe et al. 1992; Magarinos and McEwen 1995; Magarinos et al. 1996) and medial PFC (mPFC) (Wellman 2001; Cook and Wellman 2004; Radley et al. 2004) . These changes in turn have been shown to provide a morphological basis for stress-induced impairment of functional integrity, including attentional control and emotional behavior (Liston et al. 2006; Hill et al. 2011) . In particular, mPFC has shown higher vulnerability compared with HPC, since shorter and milder stressors have been reported to produce dendritic shrinkage. For example, chronic injections of vehicle have no effect on HPC neurons (Woolley et al. 1990) , whereas this results in dendritic atrophy at similar but less pronounced degree when compared with corticosterone (CORT) injections in mPFC layer II-III (Wellman 2001) . Similarly, 1 week of brief restraint stress produces mPFC apical dendritic shrinkage and reduced branch number (Brown et al. 2005 ). Moreover, 2 recent studies have shown that acute swim-stress exposure or a single dose of CORT produce selective shrinkage of mPFC dendritic tree and that such remodeling can be observed within 72 h and 6 days after stress exposure or injection, respectively (Izquierdo et al. 2006; Kim et al. 2014) . Overall, this suggests that 1) mPFC pyramidal neurons are selectively vulnerable to acute stressors, and that 2) the temporal profile of acute stress effects on mPFC dendritic tree remains to be examined. While the primary action of GCs in mediating the effects of stress is well established (Wellman 2001; Liu and Aghajanian 2008) , a considerable role for the excitatory neurotransmitter glutamate in mediating the stress effects has emerged in HPC and more recently mPFC Sanacora et al. 2012) . For example, psychotropic drugs, such as phenytoin, tianeptine, and lithium, which have been shown to block excitotoxicity, can prevent or block stressinduced dendritic shrinkage in HPC (Magarinos et al. 1996 (Magarinos et al. , 1999 . Similarly, a recent study from Martin and Wellman (2011) has reported that blocking N-methyl-D-aspartate (NMDA) receptor (NMDAR) activation prevents the detrimental effect of 1-week restraint stress on mPFC dendritic arbor. We have recently shown that acute foot-shock (FS)-stress produces enhancement of depolarization-evoked glutamate release, measured soon after stress cessation, and that this occurs in parallel with enhanced structural plasticity in the dorsal part of mPFC including the prelimbic (PL) subregion. Interestingly, chronic pretreatment (14 days) with the tricyclic antidepressant desipramine (DMI) blocked the stress-induced enhancement of glutamate release and of structural plasticity in the same mPFC subregions (Musazzi et al. 2010; Nava et al. 2014b) . Given the exquisite sensitivity of mPFC to brief stressors and the still unknown temporal profile of acute stress effect on dendritic remodeling, in the present study, we aimed at investigating: 1) The temporal dynamics of PL layer II-III pyramidal neuron remodeling after FS-stress exposure at 1 day, 7 days, and 14 days after stress cessation. 2) The effects of acute FS-stress on the phosphorylation of cofilin, a protein linked to synaptic plasticity, at the same time points. 3) Whether pretreatment with DMI affects any such change at the same time points.
Materials and Methods

Animals and Drug Treatment
Male Sprague-Dawley rats (weighing 175-200 g upon arrival, from Charles River, Calco, Italy) were housed 2 per cage in standard propylene cages in a light controlled room (under a 12-h light/ dark cycle; lights on at 7:00), at room temperature (22°C) and humidity, with food and water ad libitum. After 5 days of housing, half of the animals were subjected to chronic treatment (14 days) with DMI (10 mg/kg) delivered in drinking water (vehicle) (Fig. 1A) . The average water intake was monitored for 5 days before and every 2 days throughout and after the treatment. Drug solutions were changed every 2 days according to the animals' weight and their water intake, as reported previously antidepressant desipramine. After 1 day of wash-out (-1 day), animals were subjected to either foot-shock stress or sham stress (0 day). Rodents were euthanized, respectively, 1 day, 7 days, and 14 days after stress exposure and medial prefrontal cortex was subjected to Golgi staining for dendritic reconstruction and protein expression studies. (B) Overview of a Golgi-stained coronal section. Prelimbic subregion was delineated, soma of layer II-III pyramidal neuron identified and sampled for complete neuronal reconstruction (rectangle). Scale bar = 2 mm. (C) Layer III pyramidal neuron (white arrow) after 3D reconstruction with IMARIS software. Scale bar = 50 μm. (Dow et al. 2005) . All experimental procedures involving animals were performed in accordance with the European Community Council Directive 86/609/EEC and approved by Italian legislation on animal experimentation (Decreto Ministeriale 116/1992).
Stress Paradigm and Corticosterone Levels
Twenty-four hours after the last drug or vehicle administration, half of the animals were subjected to a single, 40-min episode of FS-stress (20 min of total actual shock, 0.8 mA, delivered with random intershock length between 2 and 8 s) (Vollmayr and Henn 2001) . After stress, animals were returned to home cages. One day, 7 days and 14 days after acute FS-stress exposure, 8 animals per experimental group (Vehicle/Sham; DMI/Sham; Vehicle/ FS-stress; DMI/FS-stress) were rapidly euthanized by decapitation between 8:00 and 13:00 h; samples from mPFC were further processed for Golgi staining and protein expression analysis (Fig. 1A) . Trunk blood was collected shortly after decapitation, centrifuged at 1000 × g at 20°C for 20 min. Serum was stored at −80°C till further analysis. CORT (ng/mL) was assayed using a commercial Corticosterone EIA kit (Enzo Life Science). Interand intra-assay coefficient of variation (CV) was <10%.
Dendritic Analysis
Shortly after decapitation and trunk blood collection, left or right hemisphere was alternatingly chosen for morphological analysis. One hemisphere per animal was rapidly rinsed in PBS and processed for impregnation of individual neurons following the manufacturer's instructions for the rapid Golgi kit (FD Neurotech). Hemispheres were sliced coronally (200 µm) on a vibratome 3000 (Vibratome, St Louis, MO, USA). A first series of sections was selected, based on a systematic, uniform random sampling principle and a sampling fraction of one-sixth, and stained for light microscopy (Gundersen 2002) . Based on cytoarchitectural delineation on thionin-stained sections, PL was identified and processed on a consecutive series of sections for 3D neuronal reconstruction (Van Eden and Uylings 1985; Uylings and van Eden 1990) . These sections were stained, dehydrated through a graded series of ethanols, cleared in xylene, mounted, and coverslipped. The PL area of mPFC was identified and delineated as previously described (Van Eden and Uylings 1985) using a ×4 objective on a light microscope (Olympus BX50, Olympus, Denmark) and newCAST Software (version 4.4.5.0. Visiopharm, Denmark) (Nava et al. 2014a ). For each experimental group, we employed 8 animals. For each animal within a group, 6-8 neurons were sampled. Within PL, layers II-III were readily identifiable compared with layer V due to higher density of pyramidal neurons and broader and more loosely packed cells (Fig. 1B) (Van Eden and Uylings 1985) . Using a ×60 oil objective, only in-focus cell bodies within the midsection were sampled according to the optical disector to minimize sampling bias and dendritic truncation (Gundersen 1986) . Pyramidal neurons were identified by dendrites extending into 2 distinct conical arbors, an apical and a basal one (biconical radiation) (Harris and Weinberg 2012) . Z-stacks (90-100 μm; Z-step size 1 μm) of pyramidal neurons with untruncated branches were acquired using light microscope described above. Collapsed Z-stacks were imported in IMARIS 7.6 (Andor Technology; Belfast, Northern Ireland) and dendrites were drawn using the Autodepth function (Fig. 1C) . FilamentTracer processing algorithms centered and determined dendrite diameter and length. Sholl analysis was performed, in which the center of the soma was used as a reference point; and dendritic length and branch points were quantified as a function of radial distance from the soma in 20-μm increments.
Semiautomatic Dendritic Spine Reconstruction and Spine Morphometric Parameters
IMARIS FilamentTracer module was used to detect and quantify semiautomatically spine density on 3D reconstruction of pyramidal neurons that takes into account the shaft diameter. The AutoDepth function drew dendritic spines along reconstructed dendrites; each protrusion ≤4 and ≥0.4 μm was considered a spine (Peters and Kaiserman-Abramof 1970) and then reconstructed in 3D using FilamentTracer algorithm. Values for each morphometric parameter (spine volume, spine area) for each neuron were exported and then averaged for each animal, and values per animal were used for the comparison of means. Three blinded observers processed all the images.
Western Blotting
Proteins were isolated using the Paris™ RNA and protein isolation kit (Ambion) and aliquots of total homogenate from individual animals were processed and analyzed by standard immunoblotting as previously described (Muller et al. 2011) . The following primary antibodies were used: rabbit anti-cofilin (1:1000; Cell Signaling) and rabbit anti-phospho-cofilin (1:500; Cell Signaling) followed by incubation with secondary goat polyclonal anti-rabbit (1:10 000) (Pierce). Immunoreactive bands were detected using ECL Advance Western Blotting Detection Reagent (GE Healthcare, UK) and captured on a KODAK Image Station 440. Western blots were quantified by standard densitometry analysis (density × area), using quantification rectangles (of similar size) enclosing bands of interest and background subtraction in the KODAK 1S3.6 Image Analysis Software. Group means of relative intensities of phospho-cofilin/total cofilin were analyzed for statistical significance using the unpaired Student's t-test and Mann-Whitney U-test.
Measurement of mRNA Levels with Quantitative Real-Time Polymerase Chain Reaction
The fraction to be used for RNA isolation was immediately mixed with an equal volume of 2 × lysis/binding solution at room temperature. Subsequently, one sample volume of 100% ethanol was added to the tube and mixed and further processed as described before (Orlowski et al. 2012) . The primers were obtained from DNA technology A/S (Risskov, Denmark). For data normalization, we first measured mRNA levels for the reference genes; stability comparison of the expression of the reference genes was conducted with the Normfinder software (http://www.mdl.dk) (Andersen et al. 2004 ).
Statistics
Statistical analyses and graphical representations were carried out using GraphPad Prism 5.0 software (La Jolla, CA, USA). For comparisons across groups, two-way analysis of variance (ANOVA) was used with stress and treatment as fixed factors. Bonferroni post hoc tests were used to determine specific differences between experimental groups. To determine whether changes in spine dimensions occurred equally over the spectrum of size measurements or are more pronounced in a specific subpopulation, all spine parameters were pooled, and differences in proportions of spines between calculated quartiles were examined between groups.
Data from spine area and volume, and Sholl analyses were analyzed using a repeated measure two-way ANOVA, with number of intersections as a within-subject factor and stress and treatment as between-subject factors. Bonferroni post hoc tests were used to determine specific differences between experimental groups at different segments from the soma. For body weight gain comparison and cofilin expression, two-tailed unpaired Student's t-test and Mann-Whitney U-test were used. Results were reported as means and the relative CV was calculated as the standard deviation of the estimates, divided by the mean.
Preparation of Figures
3D reconstructions of dendritic trees and spines as shown in the figures were obtained using IMARIS Software 7.6.
Results
Body Weight Data
A significant decrease in body weight gain following DMI treatment has been reported previously (Nobrega and Coscina 1987) . In line with this evidence, two-tailed unpaired Student's t-test revealed that DMI-treated rats weighed significantly less (19.6%) than vehicle-treated rats at the end of chronic treatment with DMI ( Fig. 2A , P ≤ 0.001). Moreover, Bonferroni post hoc following two-way ANOVA (stress × treatment) showed that the decrease in body weight gain after DMI treatment was persistent at 1 day (16.5%; F 3,92 = 13.3, P ≤ 0.001; post hoc, P ≤ 0.001) (Fig. 2B, 
left panel).
A number of studies have shown varying effects of chronic stress exposure on body weight gain (Bechtold et al. 2009; Martin and Wellman 2011; Nyuyki et al. 2012) , whereas only little is known about the long-term consequences of acute stress exposure on this parameter (Calvez et al. 2011) . In this study, we provide the first evidence that acute FS-stress is able to induce a significant decrease of 16.4% in body weight gain as measured 7 days after stress exposure with Bonferroni post hoc following two-way ANOVA (stress × treatment) (F 3,60 = 8.13, P ≤ 0.01; post hoc, P ≤ 0.01) (Fig. 2B, central panel) . The deleterious effect of acute FS-stress on body weight gain persisted 14 days after stress exposure when compared with sham animals (F 3,30 = 5.28, P ≤ 0.05; post hoc, P ≤ 0.05) (Fig. 2B, right panel) .
CORT Assay
Exposure to acute FS-stress increased CORT levels 1 day after stress exposure compared with sham animals, as shown by Bonferroni post hoc following two-way ANOVA (stress × treatment) (F 3,28 = 16.98, P ≤ 0.01; post hoc, P ≤ 0.01) (Fig. 3A, left panel) . On the other hand, no effect of either chronic treatment with DMI or stress on CORT levels was recorded at 7 and 14 days (Fig. 3A , mid and right panels, respectively). Thus, rodents subjected to acute FS-stress showed significantly higher levels of CORT 1 day after stress, which returned to baseline at 7 and 14 days. No effect of DMI treatment was observed.
Spine Density and Morphometric Spine Parameters
Some evidence has documented a primary role for stress and GCs as potent and rapid regulators of spine remodeling in different areas of the brain, both in vivo and in vitro (Liston and Gan 2011; Komatsuzaki et al. 2012; Sebastian et al. 2013 ). Time-dependent effects of FS-stress and DMI treatment on spine density were investigated by reconstructing Z-stacks (Fig. 4A , left panel) to 3D images (Fig. 4A , right panel) through IMARIS FilamentTracer. A single exposure to acute FS-stress produced a significant increase of 43% of PL neuron spine density as observed 1 day after stress cessation (F 3,28 = 8.15, P ≤ 0.01; post hoc, P ≤ 0.01) (Fig. 4B, left panel) . Complete normalization of spine density to control levels was observed after 7 and 14 days of recovery from FS-stress (Fig. 4B , mid and right panels). No effect of DMI was observed on this parameter at any of the time points analyzed. Thus, rodents subjected to acute FS-stress (Fig. 4C, lower panel) showed a significantly higher density of dendritic spines 1 day after stress exposure compared with sham animals (Fig. 4C , upper panel).
To determine whether there was an overall shift in the spine size distribution following acute FS-stress and DMI treatment, or a change in the incidence of spine smaller volume and surface area, the frequency of spines within different size ranges was analyzed. For surface area, the proportion of spines following acute FS-stress at 1 day were significantly higher in the lowest size range (0.0-0.1 μm 2 ) (P ≤ 0.01) and lower in the highest size range (3.0-4.0 μm 2 ) (P ≤ 0.05) compared with sham animals ( Fig. 5A ; dash lines); for spine volume, the proportion of spines in stressed animals was significantly higher in the lowest size range (0.0-0.1 μm 3 ) and lower in the highest size range (0.1-0.2 μm 3 ) compared with sham animals (P ≤ 0.01) ( Fig. 5B ; dash lines). A similar pattern of spine parameters shift was observed for spine area and volume at 7 days in stressed animals compared with sham animals (P ≤ 0.01; P ≤ 0.05) (Fig. 5C,D, dash lines) . No effect of either stress or DMI was observed at 14 days on spine volume and area (Fig. 5E,F) . Thus, in acutely stressed animals, there were significantly more spines represented in the lower quartile when compared with sham animals, at both 1 day and 7 days, suggesting a selective incapacity of spines to either stabilize or mature.
Cofilin Expression and Phosphorylation
It has recently been shown that modulation of cofilin, an F-actin severin protein, underlies NMDAR-induced dendritic spine plasticity (Pontrello et al. 2012) . Having observed increased spine density after acute FS-stress at 1 day, we next examined whether cofilin modulation after acute stress may occur in parallel with this event. Mann-Whitney U-test showed that acute FS-stress produced a significant decrease in the expression of phosphocofilin 1 day after stress cessation (P ≤ 0.01) (Fig. 6A, left panel) . Similarly, DMI pretreatment did not prevent or modify the stress-induced decrease in phosphorylated cofilin at 1 day (unpaired Student's t-test; P ≤ 0.01) (Fig. 6A, right panel) . No change was observed in cofilin modulation at 7 days (Fig. 6B ) and 14 days (Fig. 6C) . Thus, as shown by representative bands (Fig. 6D) , acute FS-stress induced a significant short-term modulation of cofilin, by reducing cofilin phosphorylation at day 1 and leaving total cofilin unaltered; total cofilin and phospho-cofilin expression were left unaltered at 7 days and 14 days. Moreover, realtime qPCR analysis revealed no changes in mRNA levels of total cofilin at the different time points after stress (data not shown).
Morphological Analysis of Prelimbic Pyramidal Neurons
While it is very well established that chronic stress exposure exerts a negative influence on dendritic remodeling and that treatment with antidepressants may prevent such changes, the effects of a single stress exposure on the same parameter has been little studied (McEwen et al. 1997; Wood et al. 2004; Krystal et al. 2009 ). In the present study, we therefore investigated the effects of a single acute FS-stress exposure and DMI treatment on mPFC dendritic remodeling. We evaluated the distinct outcome of acute stress and DMI treatment on apical and basal dendrites, since most previous studies on mPFC pyramidal neuron morphology have identified more pronounced effects on apical dendrites Acute foot-shock (FS)-stress significantly increased the density of spines 1 day after stress exposure. Seven and 14 days after stress cessation spine density returned to baseline levels. No effect of desipramine was observed on spine density at any time point analyzed. (C) Density of dendritic spines from sham (upper panel) versus stressed animals (lower panel) at 1 day. **P ≤ 0.01 relative to sham group at 1 day. Scale bar = 10 μm. Data are expressed as mean + coefficient of variation (CV). N = 8 animals per group and 6-8 neurons drawn per animal. (Cook and Wellman 2004; Radley et al. 2004; Bloss et al. 2010 ). Apical dendrites were defined as projecting from the cell body toward the pial surface of the cortex; in order to evaluate changes in apical dendrites, total length was compared across groups. The acute FS-stress-induced decreased of apical dendrite length (20.9%) at 1 day was prevented by previous treatment with DMI (two-way ANOVA followed by Bonferroni post hoc test, F 3,28 = 6,34; P ≤ 0.05; post hoc, P ≤ 0.05) (Fig. 7A, left panel) . A significant increase by 25.6% in apical dendrite length was observed at 7 days in DMI-treated animals (two-way ANOVA followed by Bonferroni post hoc test F 3 , 28 = 8.18; P ≤ 0.01; post hoc, P ≤ 0.01) (Fig. 7A, mid panel) ; on the other hand, stress alone did not exert a significant effect at this time point. Despite 14 days of recovery, animals previously subjected to acute FS-stress showed a significant decrease by 17.5% in the total length of apical dendritic tree compared with sham animals (F 3,28 = 4.87; P ≤ 0.05; post hoc, P ≤ 0.05), whereas no effects of drug treatment could be detected (Fig. 7A, right panel) . The length of basal dendrites was largely unaltered by stress or drug treatment at 1, 7, and 14 days (Fig. 7B) . Thus, acute stress-induced decrease of apical dendritic length at 1 day was prevented by chronic DMI treatment (Fig. 7C, upper panel) . At 7 days, corresponding to 7 days after FSstress exposure a, animals previously subjected to drug treatment showed an overall apical dendritic elaboration (Fig. 7C , mid panel) and this was followed by a significant shrinkage of apical dendrites induced by acute FS-stress at 14 days (Fig. 7C, lower  panel) .. Within the apical tree, dendritic shrinkage has repeatedly been shown to be selectively confined to the terminal regions of the dendritic arbor; for example, terminal branches have shown to be endowed with more plastic properties compared with the rest of the dendritic tree (Cook and Wellman 2004; Bloss et al. 2011; Hill et al. 2011) . Therefore, to identify whether the elaboration or shrinkage of dendritic material after DMI treatment or FS-stress was localized to the proximal or distal regions of the dendritic arbor, Sholl analysis was employed. This analysis showed a significant effect of distance from soma and a significant interaction between stress and treatment (P ≤ 0.05) at 1 day after stress. Post hoc analysis revealed that compared with vehicle-treated animals, exposure to FS-stress resulted in shrinkage of dendritic material at intersection of dendrites with rings at 100, 340, and 360 μm from the soma (P ≤ 0.05) and this effect was prevented by chronic treatment with DMI at the same rings (P ≤ 0.05) (Fig. 8A) . At 7 days after acute FS-stress, a significant effect of treatment at 40 μm from the soma, and distance from soma was induced decrease of apical dendritic length was prevented by previous DMI treatment (left panel). *P ≤ 0.05 relative to sham vehicle-treated group and to stressed DMItreated group. At 7 days, corresponding to 7 days after FS-stress cessation, animals previously treated with DMI significantly increased apical dendrites length; **P ≤ 0.01 relative to vehicle-treated group (mid panel). Acute stress significantly decreased apical dendrite length 14 days after stress exposure, whereas no effect of DMI was Bonferroni post hoc following two-way ANOVA revealed a significant effect of foot-shock stress compared with sham stress at intersection with the rings at 100, 340, and 360 μm from the soma. (B) Seven days after stress a significant effect of treatment and distance was observed. Also, exposure to antidepressant treatment resulted in overall elaboration of dendritic material at terminal distances compared with vehicle-treated animals (intersection with the rings at 40 and >400 μm from the soma). (C) At 14 days after acute FS-stress, a significant effect of stress and distance from soma was observed; post hoc analysis showed dendritic shrinkage after foot-shock stress at intersection with the rings at 40 μm from the soma compared with sham-stressed animals. *P ≤ 0.05, **P ≤ 0.01. Data are displayed as mean ± standard error of the mean and N = 8 animals per group; n = 6-8 neurons per animal.
also observed (P ≤ 0.01). Exposure to antidepressant treatment resulted in overall elaboration of dendritic material at terminal distances compared with vehicle-treated animals (P ≤ 0.05 for intersection with rings >400 μm from the soma) (Fig. 8B) . At 14 days after acute FS-stress, a significant effect of stress and distance from soma was observed; post hoc analysis showed that FSstressed animals compared with sham animals present with dendritic shrinkage at intersection with rings at 40 μm from soma (P ≤ 0.05 for intersection with rings at 40 μm from the soma) (Fig. 8C) . Thus, acute FS-stress produced after 1 day significant atrophy of PL apical dendrites which was prevented by DMI treatment. At 7 days, animals previously treated with DMI alone showed dendritic elaboration. A significant overall reduction of apical dendrites was also observed at 14 days after exposure to acute FS-stress. These data further confirm the pattern observed in apical dendritic length alteration shown in Figure 7 .
Discussion
In the present report, we investigated for the first time the temporal effects of acute FS-stress on mPFC spine density and dendritic remodeling at 1 day, 7 days, and 14 days after stress cessation. Spine density was increased by FS-stress after 1 day and then returned to baseline levels within 7 days after stress. On the other hand, we found that a single exposure to FS-stress results in apical dendritic atrophy at 1 day, an effect that was prevented by previous DMI treatment, and at 14 days after stress. Chronic treatment with DMI produced significant dendritic elaboration 7 days after stress cessation, and this effect was also selective for apical dendrites.
Short-term Increase of Spine Density and Reduction of Cofilin Phosphorylation after Acute Stress
In the present study, spine density was found increased by FSstress 1 day after stress termination; this finding was accompanied by: 1) increased CORT plasma levels; 2) reduction in large spines and increase in small spines; 3) decreased phosphorylation of cofilin; 4) dendritic atrophy prevented by previous DMI treatment. The observation of short-term increased CORT levels and spine density 1 day after FS-stress is in line with previous studies reporting a major role for GCs as potent and fast modulators of spine turnover, including development and enlargement: 1 h of in vitro CORT application to HPC slices increased spine density in cornu ammonis 1 (CA1); a single CORT administration led in the following several hours to increased spine turnover and increased spine number in barrel and motor cortex of young and adult mice (Liston and Gan 2011; Komatsuzaki et al. 2012) . In general, the estimation of spine density represents a direct measure of the number of synaptic inputs; receiving excitatory inputs, spines respond with rapid development, expansion, and elimination (Matsuzaki et al. 2004; Yasumatsu et al. 2008) . Because acute FS-stress has been shown to promote rapid elevation of CORT levels, CORT-dependent enhancement of glutamate release and transmission, and significant increase in the number of excitatory synapses in PFC (Musazzi et al. 2010; Nava et al. 2014b) , acute stress-induced spine sprouting at 1 day may represent a fast response mediated by synaptic destabilization occurring during and immediately after acute stress. This, in turn, is in line with the involvement of dysregulated glutamate transmission as an effect of stress. The present new data on acute stress response further supports the hypothesis that elevated glutamate concentrations induced by acute stress can trigger the remodeling of pyramidal neurons, as previously observed for chronic stress in both HPC and PFC (Magarinos and McEwen 1995; Liu and Aghajanian 2008; Martin and Wellman 2011; Gourley et al. 2013) . The stress-induced increase of total spine density at 1 day was followed by subsequent return to baseline levels at 7 and 14 days. This may suggest that, after an initial elevation of spine density, promoted to face increased synaptic input, spine homeostasis is reinstated. It has recently been reported that chronic stress promotes a significant reduction of mushroom-type spines and increase of thin-type spines in both HPC and PFC, suggesting a failure of spines to either mature or stabilize (Radley et al. 2008; Bessa et al. 2009 ); on the other hand, GCs were shown to rapidly and potently enhance spine turnover (Liston and Gan 2011) . In the present study, we found a stressinduced increase in spine density, paralleled by a shift in the frequency distribution of spines toward the lower size range, suggesting a selective sprouting of small, thin, and nonmature spines. Spine size is also correlated with synapse size (Harris and Stevens 1989) . In line with this, in our recent study (Nava et al. 2014b) , we have reported that acute FS-stress can rapidly enhance the sprouting of small nonperforated synapses, regarded as expressing less α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) when compared with great perforated synapses, and thus being less efficacious (Ganeshina et al. 2004; Nava et al. 2014b) ., Moreover, in our study, the stress-induced increase in spine density was accompanied by decreased expression of phosphorylation of cofilin, meaning activation of this synaptic protein. Cofilin has recently been implicated as an important regulator of synaptic plasticity under both physiological and pathological conditions (Davis et al. 2009; Rust et al. 2010) . In particular, the role of cofilin in dendritic spine plasticity has been supported by growing evidence suggesting that its activation by dephosphorylation promotes dendritic spine remodeling in neurons and transformation of mature mushroom spines into immature thin spines in HPC (Shi and Ethell 2006) . By severing existing actin filaments for increased actin dynamics, activated cofilin was shown to generate new barbed end of actin filaments, observed to coincide with AMPAR insertion (Gu et al. 2010 ). Experiments by Pontrello et al. (2012) have recently shown that NMDAR activation leads to growth of new filopodia and overall increase of protrusion density, dependent on cofilin activation. Interestingly, in line with this evidence, the FS-stress induced reduction of phosphorylated cofilin at 1 day in our study suggests an increase in its activation, which by increasing actin dynamics in turn may lead to dendritic spine plasticity and an increase amount of small immature spine as observed here.
Finally, these changes were accompanied by significant stress-induced apical dendritic retraction. Given increased synaptic inputs following significant elevation of spine density in stressed rats, this result may be interpreted as a compensatory mechanism. Whether regressive changes in dendritic morphology translate into more or less responsive neurons is still a matter of debate. While experiments by Wilber et al. (2011) have postulated that atrophy promotes less responsive neurons, recent studies have observed that decreased neuron size correlates with increased membrane resistance (and thus increased excitability) as shown in stressed CA3 pyramidal neurons after administration of ibotenic acid (Conrad 2008) . Whether this applies also to mPFC pyramidal neurons and how this may affect mPFC-cognitive function, it would be interesting to assess in future studies.
Sustained Atrophy of Apical Dendrites after Acute Stress
Acute FS-stress caused apical dendritic shrinkage in PL layer II-III neurons 14 days after acute FS-stress exposure. While the effects of chronic stress on dendritic morphology have been studied extensively (Cook and Wellman 2004; Radley et al. 2004; Hill et al. 2011) , only a few studies have investigated the outcome of acute and short-term stress on mPFC architecture (Brown et al. 2005; Izquierdo et al. 2006 ). In line with these studies, where a stress-induced shrinkage of about 20% within apical distal length was reported, the present findings indicate that mPFC dendritic remodeling following acute stress at 1 day and 14 days was confined to the apical arborization, whereas the pattern of the basal tree remained largely unchanged. This result was partially supported by the Sholl analysis: two-way ANOVA showed an overall significant effect of distance from the soma at 14 days, although not confirmed by a subsequent post hoc test. An important feature of this study is the temporal delay. The data presented here showed that acute FS-stress exposure is sufficient to produce long-term plasticity in PL cortex, with stress-induced dendritic atrophy present at 1 day and 14 days, and a nonsignificant trend for reduction at 7 days, thus suggesting both rapid and sustained effect of acute stress. Following spine sprouting at 1 day, the sustained apical dendrite shrinkage could possibly be interpreted as the result of subsequent adaptive processes aimed at limiting the excitatory inputs that derive mainly from subcortical structures, such as the hippocampal formation and the amygdala which, in turn, could potentially lead to neuronal death (Gigg et al. 1994; Liu and Aghajanian 2008) . Given the permissive role of intact layer II-III pyramidal neurons in generating an efficient cortical network and the correlation that has been shown between dendritic length and performance of the attentional set-shifting, loss of dendritic material at 14 days following FS-stress may result into impairment of delayed cognitive performance (Liston et al. 2006 ).
Desipramine Pretreatment Produces Mid-term Dendritic Elaboration but Does Not Prevent Long-term StressInduced Atrophy
Our data showed that DMI pretreatment: 1) prevented the stressinduced dendritic atrophy at 1 day; 2) resulted into apical dendritic elaboration at 7 days regardless of previous FS-stress exposure; 3) did not prevent the sustained dendritic atrophy induced by FSstress at 14 days. The preventing action of DMI on stress-induced dendritic atrophy 1 day after stress exposure is in line with our recent study showing a blockade by for the same antidepressant of stress-induced changes in structural plasticity, as measured immediately after stress termination (Nava et al. 2014b ). Interestingly, DMI prevented FS-stress induced dendritic atrophy at 1 day, but not spine density and CORT increase at the same time point. Thus, we suggest that the potential mechanism underlying the blockade of stress effects on dendrites by chronic DMI must be located on pathways downstream of CORT release or on alternative pathways. According to the available literature, a vast majority of the studies investigating the action of psychotropics on dendrites have focused on the drug-induced reversal of stress-induced dendritic atrophy (Krystal et al. 2009 ). However, little is known about the effects of these drugs on dendritic remodeling in the absence of challenge. A recent study has reported that 4 weeks of lithium treatment increases dendritic branching in the hippocampal dentate gyrus and CA1 in naïve adult rats (Shim et al. 2013) ; moreover, Seo et al. (2014) have shown that incubation of HPC neurons with different classes of antidepressants (including fluoxetine and imipramine) produced significant dendritic outgrowth under control conditions. In mPFC, antipsychotic drugs administered at developmental stages produced significant alterations in the dendritic amount of layer III pyramidal cells (Frost et al. 2010 ). The present study suggests that the 2-week treatment with DMI results in remodeling of structural plasticity in the absence of challenge, as measured 7 days after treatment cessation. Given the time-frame between last treatment administration and structural plasticity assessment, the results observed may involve mechanisms associated with the withdrawal of the antidepressant. In our study, the dendritic elaboration in DMI-treated animals was involved proximal and the distal segments of pyramidal neurons, the latter receiving extracortical afferents (e.g., from hippocampal CA3 and mediodorsal nucleus of the thalamus). This morphological correlate may therefore reflect a more general increase in synaptic transmission and occur in parallel with other functional changes such as increased HPC long-term potentiation (Whitehead et al. 2013) . A number of antidepressants with distinct pharmacological profiles including fluoxetine, imipramine, and tianeptine have been shown to promote the re-establishment of neuronal plasticity (dendritic remodeling and synaptic contacts) impaired by stress (Watanabe et al. 1992; Bessa et al. 2009 ). In our study, DMI (10 mg/kg/day) alone was not able to prevent the stress-induced atrophy observed at 14 days which is in line with a previous study on the hippocampal CA3 region (McEwen et al. 1997) ; this lack of effect may be directly related with withdrawal of the antidepressant 14 days before structural plasticity assessment.
In conclusion, we show here for the first time that even brief exposure to stress can produce significant shrinkage of PL pyramidal neurons as early as after 1 day, and sustained up to 14 days, and that previous chronic DMI treatment prevents this effect of stress at 1 day. A role for DMI in promoting neuroplasticity was also shown. Given the primary role for PL neurons in promoting fear expression by integrating amygdala and hippocampal inputs (Sotres-Bayon et al. 2012) , this reorganization may reflect functional changes following atrophy-induced lack of integration. This, in turn, may contribute to stress-induced changes in cortico-limbic mediated behaviors.
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